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FOREWORD 




Space Station Freedom, now under development, is a manned low Earth orbit 
facility which will become part of the space infrastructure. Starting in the mid 
1980s, Freedom will support a wide range of activities, including scientific 
research, technology development, commercial ventures and, eventually, serve as 
a transportation node for space exploration. While the initial facility wall not be 
capable of meeting all requirements, the space station will evolve over time as 
requirements and on-board activities mature and change. The space station 
design, therefore, a^ows for evolution to: 

- expand capability, 

- increase efficiency, and 

- add new functions. 

It is anticipated that many of the evolutionary changes will be accomplished 
through on-orbit replacement of systems, subsystems, and components as 
technology advances. Therefore, technology development is critical to ensure the 
continuing operation and expansion of the facility. 

The Office of Aeronautics, Exploration and Technology (OAET) has sponsored 
development of many of the technologies that are now part of Space Station 
Freedom' baseline design. Evolutionary and operational aspects of Freedom 
continue to be an important thrust of OAET's Research and Technology (R&T) 
efforts. 


This workshop has been an important step in our understanding of the space 
station's baseline systems, the evolutionary scenarios including the station's role 
in space exploration, and the technologies that will be necessary to meet 
evolutionary and growth requirements. 


It is anticipated that application of the information acquired through the 
workshop will lead to further technology development efforts to benefit Freedom 
and will lead to continued collaboration between the Space Station Freedom 
Program and the technology development community. . 



Afhol 
Associate 


tor for Aeronautics, Exploiption and Technology 




CLARIFICATION 


Since the workshop was conducted in January of 1990, there have been some 
organizational changes throughout the agency. The Office of 

Technology (OAST) has been reorgamzed to include the former Office of I^Pjor^ion 
and is now called the Office of Aeronautics, Exploration, and Technology (°AET). 
Also the Human Exploration Initiative (HEI) has been expanded and renamed the 
Snace Exploration Initiative (SEI). Some of the materials in these proceedings were 
prepared after the workshop, and, therefore, references to new organizational entities 
and new programs may be found in certain sections. 


TECHNOLOGY FOR SPACE STATION EVOLUTION - A WORKSHOP 
Technology Disciplines (EVA/MANSYS - FLUIDS) 

VOLUME III 


Foreword 

Contents 

Introduction to Volume III 

.Extravehicular Act ivity /Manned Systems 
Level HI Subsystem Presentations: 

Extravehicular Activity System - Michael N. Rouen, JSC 
Man Systems - Distributed System for Space Station 
Freedom - J. L. Lewis, JSC 
Invited Presentations: 

EVA/Manned Systems - Dr. James Jenkins, NASA/RC 
Evolution of Space Station EMU PLSS Technology 

Recommendations - Richard C. Wilde, Hamilton Standard 
Evolving EVA System Capability for the Evolving Space 

Station Freedom Requirements - Howard Slade, McDonnell 
Douglas Space Systems Co. 

EVA and Telerobot Interaction - Dr. Kelli Will:, hire, LaRC 
Simplified Aid for Crew Rescue (SAFR) - H. Thomas Fisher, 
Lockheed Missiles and Space Co. 

Evolving Technologies for Space Station Freedom Computer- 
Based Workstations - Dean Jensen and Marianne Rudisill, JSC 
Man-Systems Integration and the Man-Machine Interface - 
Joseph P, Hale, MSFC 

Work/Control Stations in Space Station Weightlessness - 
Charles A. Willits, NASA/SSFPO 
Human Interface Research to Support Evolution Space 
Station - Janies O. Larimer, ARC 

Fluid Mana gement System 
Level III Subsystem Presentation: 

Fluid Management System (FMS) Fluid Systems Overview - 
R. S. Baird, JSC 
Invited Presentations: 

Space Station Fluid Resupply - A1 Winters, Boeing Aerospace 
and Electronics 

Propulsion Needs for Lunar/Mars Missions - Gordon Woodcock, 
Boeing Aerospace and Electronics 
Space Station Fluid Management Logistics - Sam Dominick, 

Martin Marietta Space Systems 
The Resupgly Interface Mechanism - Barney Gorin, Fairchild 


i 

• • ♦ 
m 

1 


5' / 

33-2- 

59 “^ 
69 “V 

113 

121 * ^ 
141~7 

165 

181*7 

193 


199 ~iP 

225 ~ 1! 
241 ~/JL 
261 - /3 
293 


iii 



Orbital Storage and Supply of Subcritical Liquid Nitrogen - 
John Aydeloit, LexvC 

Superfluid Helium Needs and Resupply on Space Station - 
Dr. Michael Dipirro, GSFC 


INTRODUCTION 


NASA's Office of Aeronautics and Space Technology (OAST) conducted a workshop 
on technology for space station evolution January 16-19, 1990, in Dallas, Texas. The 
purpose of this workshop was to collect and clarify Space Station Freedom technology 
requirements for evolution and to describe technologies that can potentially fill those 
requirements. OAST will use the output of the workshop as input for planning a 
technology program to serve the needs of space station evolution. The main product of 
me workshop is a set of program plans and descripiic ns for individual technology areas. 
These plans are the cumulative recommendations of the more than 300 participants, 
which included researchers, technologists, and managers from aerospace industries, 
universities, and government organizations. 

'Die identification of the technology areas to be included, as well as the development of 
the program plans, was initiated by assigning NASA chairmen to the eleven technology 
disciplines under consideration. Tne disciplines are as follows: 

Attitude Control and Stabilization (ACS) 

Communications and Tracking (C&T) 

Data Management System (DMS) 

Environmental Control and Life Support Systems (ECIAS) 

Extravehicular Activity/Manned Systems (EYA/MAN5YS) 

Fluid Management System (FMS) 

Power System (POWER) 

Propulsion (PROP) 

Robotics (ROBOTICS) 

Struciures/Materials (STRUCT) 

Thermal Control System (THERM) 

Each chairman worked with a panel of experts involved in research and development in 
the particular discipline. The chairmen, with the assistance of their panels, were 
responsible for selecting invited presentations, identifying and invitin'* Space Station 
Freedom Level III subsystem managers, and focusing the discussion of the participants. 
In each discipline session, presentations describing status of the current programs were 
made by the Level III subsystem managers and by OAST program managers. After 
invited presentations by leading industry, university, and NASA researchers, the 
sessions were devoted to identifying technology' requirements and to planning programs 
for development of the identified technology areas. Particular attention was given to 
the potential requirements of the Human Exploration Initiative (HEI). The combined 
inputs of the participants in each session were incorporated into a package including an 


overall discipline summary, recommendations and issues, and proposed development 
plans for specific technology areas within the discipline. These technology discipline 
summary packages were later supplemented by the chairmen and their panels to 
include the impact of varied funding levels on the maturity of the selected technologies. 
OAST will review the program plans and recommended funding levels based on 
available funding and overall NASA priorities and incorporate them into a new OAST 
initiative advocacy package for space station evolution technology. 

These proceedings are organized into an Executive Summary and Overview and five 
volumes containing the Technology Discipline Presentations. 

Volume III consists of the technology discipline sections for Extravehicular 
Activity/Manned Systems and the Fluid Management System. For each technology 
discipline in this volume, there is a Level 3 subsystem description, along with the invited 
papers for that discipline. 
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Airlock Depress/Repress Control - Dynamic Control of the Depress/Repress Cycle. 

EVA Crew and Equipment Translation * EVA crewperson access to all parts of the 
Space Station, Platform, and Payloads while attached to the Space Station. 

EVA External Lighting - Adequate lighting during the night cycle 
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engineering research proceeds from the 
evolutions! base 


EXTRAVEHICULAR ACTIVITY (EVA) 
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A NASA Management Plan for EMU Technology 
and Advanced Development research will be 
developed and, after concurrence by NASA 
Offices and Centers, will be the roadmap for 
future research 
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EMU PLSS TECHNOLOGY RECOMMENDATIONS 
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02 Supply Regulators 
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O 0 SUPPLY REGULATORS 

^ (Continued) 

Other desired attributes 

e Stable operation • Operation independent of 

e Minimum droop with flow other subsystems 
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Space & Sea Systems 
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Scroll pumps set more like positive displacement pumps, thus offering Increased tolerance 
contamination and gas inciusion. The chief development concern todate is the eccentric 
coupling/drive mechanism which must also keep the orbiting scroll "pointing North". 
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PRIME MOVERS (CONTINUED) 
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Separate fan/sepsrator and pump 

Fan: 19,000 rpm, 6,5 cfm @ ~5 in. H 2 0, centrifugal 
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Other Desired Attributes 

• Adjustable comfort control 

• Accommodates full range of metab 

• No local hot, cold or wet areas 

• Minimize sweating 
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HEAT REJECTION 

Recommended Future Developments 
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SUPPLY OPTIONS 













119 


Fuel Cell EMU power supply Regenerable, closed loop, Low life cycle $ 

High current density 

SPACE STATION FREEDOM 
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NOISE: BACKGROUND INTERFERES WITH COMMUNICATION, CONCENTRATION 



CO T3 CO 

tL* 


to 

o£ « a w >;5 

°JQ S o W o s ^ 

2«^a.2§2 

« ^ ' H Sil S ® 66 
2—ts2S3tooG 

c r o o, n a c 
o g , jq o « « 

52 TJ jr? o <*-h s 


e » o O 
•G' O {< 


3«| &? 

2 g *o •» to ” ^ 

" i « o 3 o « 

« BS^isg a § 

G to <0 <5 \D u J3 W 

8 8-43 3 «3 » 

,§ ff£®S 3 * < 

<-* cs -G *G .ti i- •>> rfl 


w 'z 'o ~ a 

T3 O G 


*-* xi W 
*® (ft o 


W fi !-0 ^(m rjXJ 

« (S 3 w ° S — 

C d §*3^£-|S 
§ .2 B | £ 3 2 o 

») o J) g 1 ^ 

.fljtoto'gjwuri 
Sd** - 8 
rt ^ to 2 -a* B o o 
a*s u ^ -6 ^ 

CO O S .ts > .s O - 

-s £*2 5 ® *° u a 

S a 5 »l 8 cl 
la's g* |1 §■ 

« <J §«>c>.S|§ 

« o r >* kt’® 2 ^ 


a> o Pn 'J w 5- -^. 

M xi 5> « f£'-o 9 c- 0 
jQ 0 .3 OT3, 2 4»w S 


V |_ pt 

xi o S 

a w> *° 

a»J r! 


*0 .tj «u 

S jG s 


XS XS .ts 

«-» Xi •• 

flj C8 £•■< 


X5 £ 
cj is 


r is c ^ « in ca *--< Trf 

^XJ-2^35S>30 

i* t*4 55 o jrt :J c s *3 
0) d> Cj Jd ** ; g t-i 


2 *v 

H .a 

T3 O' 
to £ 

.a 2 


Xi -h w ^ rt 

-* fl) H J. 2 


"O Qi 

9.s 

3 jg 

O to 

•*S 

w CO 

•3 .2 

to 5 

a; 3 

to ZJ 
u 3 
T3 _> 

c « 

cJ X5 
q> W - 

a p .* 

.3 «-. v> 

3 3 to 

2 00 t* 

G 2 
>s-3 O 

Xi l 

.2 c5 X>4 

ass 

JJal 

- OT> 
G -d a 
g rt S 

<* to G 

■* g* -9 

CO Q w 

2 to 2 


0 *o G 

1 Q> 

m w d 
o *r! S 

to > , 
rj U«m 
o to O 
__ G< fl> 
v 3 X 

d m a. 

to ** Q 

S to to 

.2 to 5r* 

4 _> m to 
to *J r* 

sl;S 

W o w 

S U .H 

rj 

. o 2 

G 

u. to •-} 

«a« 

G o i- 
fl 3 to 
.5 3 a 

CO ctf O 


a 8 

« .^3 


^ u. 
+* O 

§a 

Cu w 

00 ^ 
C3 

■o B 

C 

o a 
a 5 

0 p 


_ ^ w 

T3 C ti 
O D 
ti O rt 
u *C » 
z3 2 P 
cl'x| B 

e| 3 
8 8.S 

to S» ~r 

b 3 q> 
O »3 

“ ° S 

to v> 
v> a J2 
-* 3 S 
.ts O .2 

8>S 

a> o> 0) 
02S «Q T? 


2 • 

3 to 
o *s 

«M fl> 

co v 

CO 

CO R 

5 9 
£ ^ 


to ? 
. to 
w 

a to 

to g 

|S 

w 2 

••H TO 



TYPES OF EVA OR TELEROBOT TASKS 



This is the Martin Marietta Astronautics concept of the Flight Telerobotic Servicer being developed 
under contract with NASA Goddard Space Flight Center. Its characteristics are described on the 
following pages. 



FLIGHT TELEROBOTIC SFRVi^gp 





These are the Flight Telerobotic Sen ? icer (FTS) characteristics projected by the FTS project office to be 
available by assembly complete. The FTS consists of three main parts: the teierobot, the workstation, 

and a distributed data management system. The telerobot will have two 7 degree-of- freedom 
manipulator arms, which are each 5 feet in length. It will also have an attachment, stabilizing, and 
positioning subsystem which is similar to a lee in function. There will be four cameras; one on each 
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PROJECTED FTS CHARACTERISTICS 

TELEROBOT 
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■ FAULT TOLERANT, REDUNDANT, DISTRIBUTED, MODULAR 


The FTS has three modes of operation. The first listed is the fixed base dependent mode in which the 
FTS is attached and stabilized at the worksite by the Shuttle RMS or Station (Mobile Remote 
Manipulator System) MRMS. It obtains its power, data, and communication resources via an umbilical 
to the host, e.g., the Shuttle or Station. The second mode is that of fixed base independent. For this 
mode, the FTS is attached and stabilized at the worksite, but uses power from internal batteries and 
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iVA SERVICED 


The FTS is projected to use the following amounts of resources. The telerobot and workstation together 
will weigh under 1 500 pounds. The stowed telerobot will require 7 ft X 3.5 ft X 3 ft volume. The 
power requirements will be less than 2000 watts peak, or 1 000 watts average, and 350 watts for 
standby. 
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REQU3RED TECHNOLOGY 



ENHANCED KNOWLEDGE BASES 




AGENDA 
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PRECEDING PAGL NOT FILMED 
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Propulsion Needs for Lunar/Mars Missions 
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Lunar Transfer V ehicle/Lunar Excursion Vehicie 

Option 1 



Excludes Crew, LTV Crew Module Includes 1 .81 Hj O Radiation Shield 
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Advanced Propulsion 


1 



© J 

v) s 

S a 


eo 

cn w 

^ « a 

Q_, ^ 

g-sK o « 

W & _« 

cc s « — 

V V A. Ml Mi 


§2 c s 

2 lg_g 

S3 © H jfj 

ft> fc7 

© Met C3 fc« 
& w jj 8 
fc-g’S® 

ui a « 
•- 3 
tm © *-> ^ 

Sri 

Ed SSO © 

u «J — U 

03 © «S W3 

©5 o r ? 
c/3 Z cc w 


M 

09 Jg 

,fi 09 

“ ^ _s 

IS* 

■5 s I 
J.2 I 

*5S fe »j 
.2 g E 
c 5 «» 

w 8 £ 

£ = £ 
•5! .2 « 

!|l 

oo E ~ 

C — « 
■8?.SS 

«SS 

§ M = 

g-S ►> 

3 a "S 

2 *" ► 
g ±?33 
© —■ « 

Q. 4 ^ £ , 


S St'S 

o <8 £ a 

js c« ?: 5 

H §■§ J 



Propulsion Option Size Comparison 





MTV Propulsion Option Weights For 
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NEP Operated from High Orbit, Modes 14 and 15 




Nuclear Safe Orbit Considerations 
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Fluid Management Logistics: 

Issues For Space Station Freedom Evolution 







Cir- nt Fluid Logistics Approach 

The current logistics approach for resupplying fluids to the Space Station Freedom consists of an Unpressurized 
Logistics Carrier containing smaller subcarriers with the fluid tanks and hardware. The Unpressurized Logistics 
Carier is designed for STS-launch compatibility only and for reusability. The Freedom propulsion and reboost 
system utilizes four propulsion modules with a capacity of 10000-12000 lbs of hydrazine each. These modules 
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Station Freedom Fluid Resupply 
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Expenda ble Fluid/Propellant Carrier Description 

The key design features of the tluid/propellant carrier are summarized below. 
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Carrier Design Concept 
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Expendable Fluid Carrier Schematic 
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Logistics Carrier Orbital Operations 
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Operations of the expendable logistics carrier begin with attachment of the carrier to the Station truss assembly 
by the Station Manipulator Arm or by directly by the OMV. After mating of the fluid and electrical couplings, the 
fluid transfer operations would occur as required using Station avionics for control and monitoring. 
Simultaneously, dry goods would be transferred as required into the pressurized modules or to the truss structure 
either by the manipulator arm or by the Flight Teleroboiic Servicer. Transfer of aDDroDriate waste fluids into the 









As stated in an introductory chart, simple techniques for the transfer of fluids on-orbit must be developed that will 
lend themselves to automatic control due to the probability of limited crew time. The fluid transfer technique is a 
key driver in the configuration of the fluid resupply system, including the logistics carrier. The facing page 
summarizes the state-of-the-art in fluid transfer techniques, including the processes involved and the status 
concerning testing, analysis, etc. The three categories shown, "no-vent" fill, ullage transfer, and vented fill, are 
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Summary/Status Of Orbitai Fluid Transfer Techniques 







The role cf an expendable fiuid/propellant carrier and operational techniques for fluid transfer can be seen in 
examination of the Soviet Progress tanker system. The Progress tanker system has been successfully operating 
for over ten years performing propellant resupply operations in a semi-automat* o mode. The unmanned Progress 
tanker is used to resupply the earlier Soviet Saiyut and the current k' r space station’s regulated bi propellant 
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Consumable Replenishment 
Repair of failed components 
Preplanned Product Improvement (P3I) 
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SERVICEABLE SPACECRAFT (CONT’D) 
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should be "designed around" if possible. 
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SERVICING CONCERN (CONT'D) 
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needed for servicing operations. 

* Third, as a transportation node for the Moon or Mars missions, Space Station Freedom will 
be a test bed for advanced resupply issues relating to cryogonic resupply. 
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Cryogenic Management Technologies 
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Cryogenic Nitrogen Cooling Capability 
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ANALYTICALLY DETERMINED "TARGET TEMPERATURE," ONCE AGAIN EVACUATED TO SPACE AND THEN NO- 
VENT FILLED WITH A SMALL QUANTITY OF LIQUID NITROGEN. THE BOTTLE WILL BE ALLOWED TO SELF- 
PRESSURIZE DUE TO ENVIRONMENTAL HEATING AND THE FINAL TANK PRESSURE WILL BE COMPARED WITH 
ANALYTICAL PREDICTION. 
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PRESSURE DECAY DURING TVS OPERATION. 
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SAFiRE (EOS INFRARED INSTRUMENT) 


The Advanced Xray Astrophysics Facility (AXAF), to be launched in 1997, is scheduled to be serviced every 5 years, 
eventually from the space station. 



AXAF - ADVANCED X-RAY ASTROPHYSICS FACILITY 



<-Ray Spectrometer (XRS), one of three focal plane instruments on AXAF, will have a 400 liter He II dewar. Its 4 
lifetime can be extended by He II resupply. 










The space station attached Astromag. a cosmic ray facility, is shown here at the center near the top of the picture. It 
consists of a 3000 to 4000 liter dewar of He II which cools a pair of superconducting magnets. Two instruments are 
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NDAMENTAL PHY 



if) 

if) 

HI 

o 

o 

DC 

CL if) 
LU 

if) O 

wml ^ 

< s 

DC Q 
LU 

I- DC 

< 2 



s 


f 

\ 

> 

t 

I 

i 

i 


> 


i 

i 

b 

\ 



K 


r 



o 


CO 

0 0 
0 

sz 
o 

3 
0 


0 -n 0 

+-- U i- 

= *3 2! 
0 O 
— ^ a> 


O) 

E 

3 

cr 

0 


0 


0 


m— ll 
o < 


o ^ 

H— - 

— CO 

o 0 
QlX 

X 3 o 

0 x: 

o+r 


“O 

3 

g 

0 


£2 


0 0 
3 0 


0 


O ^ 
£ 0 
t - Cl 

E cl 
5 Z 


te jc a) 0 « 


0 


o “O 

^ o -g 

e 


w 

0) 


= 0 ~ 
03 

if. CO 

tr 
o 


c 

0 

03. 

E 

c 


0 

0 


c o 


0 0 
c -C 
0 


8 

0 

0 

O 

E 

0 


■ ** 0 

{-0 0 

?" « S 


J O) 
0-E 
c o 

~ £ 

03 0 ^ 
0 0 03 

1 §I 

o 


0 
2 : 0 
0 £ 

>> o 


jz 
tr 
0 
0 

C 

o 

0 
cz 
O 

<1) ^ 

§ © 


s .2 © 

> 0 E 

0 0 0 


0 


E 

I -L o r 

D ^ 0 o 

- to CL R 

0 0 0 O 

D W 0 ® 

1 Jrx 

o £ 

- 0 
0 0 

A ° CC 

A 0 u_ 


c 
o 

*0 

3 
'♦— 

c 
0 
0 
o 
E 

■O 

0 

_ 0 
CL 3 


.-8 


!“ 8 ° 

; 8-5 s 

! q. 3 O 

I o w ‘“ 


0 0 
C JO 


0 

E 

0 

XT 


w uj . 

O 0 0 r" 

0 


-li 

CL 0 
_ ^ 3 JC 

.9> © *5 


€ 

O 


: "O c 

1 E 0 


4= 

TD 


C 

o 

5 

0 

O) 


0 £ 
CL k_ 
O = 


i,j © .3 2 

. E *■ © o © 
«.Er «I 



334 


13 I 


•*-* **A 


1 



W DOES SPACE STATION FIT ,n i 






0) £ "D 
O) GO 0> 
CO O N 

>r C '£Z 

O o -j 
to O V> 


E CO tr 
CD — Q- 
~ C0*o 
O) C c 
cd 

O c 

— a> df 

0 ^ 3 
“o . f* 

c c 3 

O CD CL 
Or: 

£ J*: 

CO £ C 

=> E (0 

p 3 «- 
C Q-^_ 

0) <D ° 
c -p 
O CD Q) 

cf ■- ® 
000 


eg ^ 

to 0 


a) co o) c 


a> 


03 *= F 

9-o c-i 


C/3 


c “2 


O 0) 
c _ 


c m = 


0 


© CD 


® To 




S§ & ® w 


O) c 
03 C 


£ _* 0 


2 


*“ co 0 E 


CD 

jz 0 

XI 
X3 +**' 


9? O 


CD > 
=) X> 

g_? 


c'tiF 


tr 

0) 0 

a.y 

3 ■» 

0 o 0.2 


CO 

. r- 

•S w £ 


E — 


co ® 


o “O CL- 11 
^ c 0 -q 


CD 


CO l- •=; 


0 


W 0) ? a 

' Ni- 

* ° o 


03 


</) 


0) £ 


CD O 


- C ® 

0.2 o 

— c 


3 


>;'0 
O) 5 

II 

■ 5 ? 

CD _2 

“ t: 




CD 

C 

CD 

ex 


CD 


0)5 


fc- w/ — - 

S &«1 

®d3E 


cn o .E © 


</> « 
CD 03 
3 0) 
a - ' 4- 

« 2 

a> o 
s E 

2.c 


00 o 

£ E 


W 


■p 00 

§.§ 


-- is ,® 


a> .w 


ao +-* 
a-< 


._ ® ® 
® O > Q. 
-c -O >> X 


2 (0 

m 03 

® O) 


"O 

E o> 

03 
O 


c 

CD 

> 


Q) CD 




° O) 

— c 

9 ’ c 

£) 3 


CD CL 
£ 03 
~ o 


CD *0 
H C 

Z * 

5 o 


.52 to 




8 


a> B 

c 
a> 
E 


"O 

"D 

CO 


CD 

-D 


=3 

cr 

CD 


CD 

Z> ^ 
CO $p 


03 


0 

JZ 


S 

o 

(X 


o o 
< « 


CO - 

c a> 
.9 -Q 


~ co 

-Q CD 
O 

u Q_ 
C (0 

° >, 
■O o. 

® Q. 
® 3 
-5 (/) 

© 8 


_>% 

Q. 

CL 

3 

(0 

0 


0 

X 


>% 

0 


0 

JZ 


03 


> 

CO 


O) 

5 


0 •= 


c. 

0 

E 

0 

Q) 

CO 

C 

0 

E 


*5 

jz 

LL 




-. i 

! 1 


' 4 

1 


336 





h- 

< 

O 

uj 3 


UJ 

N U. 


<02 

K ffl r- 


£ UJ 
< J 

? o 
2 o 

h- 55 

2 m 


QC 

UJ > 


0. 

c. -J 



RESUPPLY - - FLUiD MANAGEMENT ISSUES 










o> 

E ™ 

03 CO CO 

u 5l- 
0)^0 
v (p y 

X> 


<D 


-X. 

sz 

sz 


0) Q 


<D “ 


X 

03 Q) 


C .b 
O 


03 

Z 
0) 
_ -O 

*0 0) 

£2 </> 

§ <5 ® 

O -t 
E 03 ^ 
C ^ o 

0 U 

-c a> 9* 

*? TS a 

(0 <D C0 


<D 

> 


O 

CD 


C 

§ c 


_ 03 

O (/) 
O 03 

- J2 t> 

<2 CO CO 


03 


g CD 

E -o 
0) _ 

°i 


? >s, 

© ro 


o> 


<D 


CD 

x; 


H* -c <D 

^2 <3 

I— = £ 

0'S o 

O Q.« 
X 3-0 
CO w ® 


- B 

® ~ 

w o 

5? CNJ 
H- o 
.« i 

€.r 
o 0 

CB 
O B 

W C/5 

E c 

c G 


O) 

c 

03 

fc 

03 

</) 


ga 

a? 

6 i 
8 = 
o> c 
_ c - 
■A 0 -Q t; 
®h E CD 
i O,3p 

2 0 cl- 

3l£fi 
tco-i-o 
<D > <D 




c 

0 

> 

V 

x> 


CD 


r- >> 0 


2 

CD 

> 

*C 

ZD 


x: 

CO .2* 
-XI XI 

®T3 

O 


a> cd 

g-TS 

a> CO 


CO 


O 

O-Q 
IH 
W O 
o O 

"O CO 

© - ,-s 

a. o O 

Ip C 


>,< _Q 

O © 


O.LL 

°r 

0 

» c 

? CD 

90 


a> 

_o 


5 
3 

O ® “D 
Q-.t- 


C 
<D 
CD 
0 JO 


3 

o 


rf 0 .> 


CO 


~o 

C 
CO 

, IL, 

* o 

CL.O)_c: 

k_ ~ 

O LL 


3 O - 
co tw HI 

Sis 
a li 


a> ^ m 


0) 
E 
o 
CO 

x: co 

^ CO 

a> -£= 

CL C 
3 O) 

8 '“ 


o 3 

pO 

o 


0) 

$ 

Q.® -O 

>- -Q •£ 
§« © 
q-8 


CL o 

■o §■ 


® 2 


CD 


> 

CD 

"O 

c 

a> 

a> 

X) 

CD 


0 


0 

O 

0 

CL 


0 


0 

CL 0 (f) .E o 
X3 


a) a) w o 

■■ 


5 0 
0 ^ 


>> 0 
9-0 


^ 0 
w >^X5 

■O -D 
C X3 O 

v yO 

o' ® 

0 

> 


X 3 o 

‘ O 
CO 


0 

jQ 


-*-c 


</> 

n5 

__ sz 

o O 

03 UL 
o O 

X 


0 

.8, 

a“® 

0 -n 0 
W #— 


E 
o 
o 

< 
D)> 
c llj 
c 
< 


x: o c 0 


>vE 

E 

o 

0 


3 

0 

0 


0 

X 


-g£ 


® 
c 


0 


8-5 
2 0 

o </) 

0 CO 


CO 
00 

3 re 

0 
0 


X3 

0 

CL 

O 

0 

> 

0 

X3 

C 

0 

0 

A 


C 

o 

x 5 

"D 
0 

= c 


o 

$ 

CO 

sz 

■*-* 

CO 

V- 

o 

CO 


c 

o 

(0 

0 

> 

0 

> 


<i> 3 


CO -Q 
<0 CD 
CL 

o 
0 
> 
0 
X3 

“-03 
03 X3 

£ 2 
3 

• o 

0 j=: 

0 _ 

Q- £ 

(0 o 

2 £ 
0 0 
< > 

“O 
0 
> 
o 


0 

CL 

X 

ill 

E 

=3 


T3 

0 

0 

3 

0 

JD 


0 0 

a> CQ 

70 -O 

0 £ 
_Q 0 

D> 
0 O 


CL 

E 


0 


o 

3 

(0 


o 


T3 

0 

k_ 

*3 

cr 

0 

u 

CO 

c 

0 

c 

o 

CL 

E 

O 

O 

0 

SZ 


0 

2 $ 

13 -C 

0 
O 0 

*c E 

0 3 


, t. v 7 

O o> 


^ r -0 ? 
ClO 
0 

O 0 


0 
c 

0 -r 

0 X 

= 0 X) 
0 *— <1 

Q. O 13 

0 E 


0 5 


0 


0 

*D 

O 

C 


0 
X3 
0 

ip 

h T3 
° 0 
Q> 

X3 
JC 0 
*=! 0 

* s 
0 
0 
> 

0 

> 0 
O A % 

'•*“ r~ CO s«_ 

o 5 k 
0 0 0 
>> O') 0 0 

5 9 a *> 

So X > 


i > 

ag 


c 

o < 
2 

>% 0 

X3 O 

O 

O "O 
CO £ 

—3 0 


Sc/) 
= 0 
5» -♦-» 


Q-X 3 

E ® 

3 9-OlO 
a5o 0 

tj ^X3X 
g 0 0 CO 


0 

E 0 

§.° 

0 


w- >> 


8 


X 

0 

Ql 

E 

o 

o 


i r~ 

.E X 


CL> 
0 0 


0 

^ X3 

0 c 

« S 03 

k_ U- JD 
♦-» L- 

CD— 00 

C 


0 r* 

~ m ^ x- 


- 0 


0 

g 

c 

0 

x: 

o 

0 

E 

o 

E 

K_ 

0 

JZ 


3 C C 

® x> -u 
® ® © 
^ © M 
3 3 

S.2 


® o 
O c 
0 ^ 
CL ® 
0 0 


CL 

0 

*5 


0 


0 

_C 

CL 

0 

O 

E 

cO 

c 

0 


C ^ 
JC o 
o 9 

® co 
o>-| 
.E E 
§>0 

0 0 

0X3 


c 

0 

XI 

U 

0 

E 

o 

E 

W- 

0 

x: 


© . 
Ol -»— * 

<0 

O) 


0 

? 

0^ 

o 

c; 

0 

E 


X3 

0 


3 h- 
0 O 
0 

0 


O 
^ tr 
CL 0 
O CL 

0 e 

2 li 

e >•§ 

0 7g -O 

pI I 
| « S 

S CLX 3 


342 


nfliTmmft 


niisafMrttviAatta 


FLUID MANAGEMENT TECHNOLOGY DEVELOPED FOR SHOOT 


< 

m 


a 


C3 

O 

O 

s 


> 

GQ 


DC 

O 

LL 


Q 

LU 

fi. 

o 


LU 

> 

LU 

Q 


DC 

LU 


Q. 

X 

o 

o 


LU 

a 

Da 


< 

a 


< 

> 

LU 


< 

DC 

a 


o 

CO CO 


< 

X 


Q 

Z 

< 


Q 

LU 

H 

LU 

a 

a. 


O 

O 


LU 

OQ 


H 

O 

z 


— >■ 

fl) < 


z 

3 


H 

X 

o 


o _ 

Q a 


LU 

H 

< 

H* 

CO 


CO 

* 

o 

< 

CD 


X 

< 

H 

3 


>- 

QQ 


D 

LU 

a 

o 


LU 

> 

LU 

o 


CO 

a 

> 


< 

> 


o 


> 

a 

D 


a 

o 


a 

LU 

a 

a 

LU 

h 

CO 


LU 

H 

< 


> 

CD 


a 

LU 

a 

o 


LU 

> 

LU 

D 


CO 

CO 

5 


h“ 

CO 

a 


o a 
z 


o 

>- 


LU 

a 

o 

a lu 


a 

_ m 

LU jjj 


O 

< 


a 

LU 

a 


LU 


CD 

< 

I- 

< 

LU 

a 

LU 

a 




o 

a 

co 

(3 


h- 

< 


O 

LU 


£C CL 

o o 


LU 

> 

LU 

D 


CO 

LU 

> 


< 

> 


LU 


LU 

a 


o 

>- 

a 

o 


s- 

< 


o 


LU 

£ 


CO 

< 


0) 

X 


Q 

z 

< 


CO 

LU 

h* 

< 

a 


o 


a 


O _ 

LL 2 

co o 

o i 


a 

o 

a 


O 
lu co 


a 

O 


a < 

a < 
Q a 
a a 

1 

3 a 
a co 
< 

2 X 

h- a 


343 


CO 

H 

Z 

a 


0) 

X 


CO 

< 


H* 

ui-z. 

COLJU 


aa 

.a 

ba 

^ x 
a£ 

x 


a 

a 

=> 

co 

< 

a 

£ 


L5 

oE 


ZlH 

Ox 

CO, 


a 

a 

D 

I- 

< 

a 

a 

a 


a 9 


a 

i- 


iun> 


a 

aa 
> a 

f-a 


a 


23> 

a 

a2 

£a 

Oa 

SO 

a a 

“co 


s 

h- 


O 

z 

o 

a 

< 


a 

Oco 


a 

a 

H 

a 


o 


a 


<3 - 


o Q 

Oa 

a (/) 

a=j 


O 


Ox 

Oo 

LU 

Sh 


ct a 

ba 

Za 

a> 










2 / 3/89 







LU 

> 

LU 


LU 

K 

< 

X 


£ 

o 

-j 

LL 


Q 

LU 

X 


O 

LU 

QC 


DU. 

3 o 

Olu 

-JO 


oejjj 

wto 

>LU 
-J QC 
LU CL 

°UJ 

3, 


LU 

2 

o 

o 

QC 

LU 

> 

o 


QC 

LU 

O 

QC 

< 


LL 

o 


h- 
2 
LU 
> 
LU ID 


CQ 


LU 

P CO 


H-O 

«P 

1— ^ 
lux 
-J LU 

2 - 1 
— LU 
Q.O 

= 5 < 

Q- id 

OQ 




3 

O 

£ 

0 ) 


LU 

X 


LU 


■ 

o 


LL 

O 


O 


QC 

LU 

Q 

X 

o 


(/) 




LU 

X 

h- 


LU 


Q 2 


LL 

O 


GO 


LUfZ 




o 


c/? 

2 
O 

P 

< 

X 

w <0 


LU 


0 _j 


— : wj 


3 v-» 

<o 


h-< 


DO 


lii — ' 1 

o 


o 

< 


< 2 h 


(fi(n 


*00 *0* 

LU Z) 




Q (/) 


347 


i L' / 






H 





Ill 

o 

< 

LL ^ 

x 


C 3 *" 
z X 


<n o 

3 t 


CD 

tn o 


lu _ 

o 2 


s o 

> CO 


LU M 


^ U / 

O CM 
CO 


W w 
LU LU 

> 2 

H > 


*“ LU 

D £ 
LU X 
H < 
O X 
LU o 


UJ Q 

<n lu 


V) LU 

< LU 


* o 

Q LL 
2 £ 


< < 

3 t 

“ LU 


w ' cc 
>■ <, 


z Fo 
H fco 


Q §3 


cn cc 
a o 
< x 
lu tn 


cc lu 
D > 


X UJ 

X X 

o 

> X LU 

O O s 

3 LL X 

i- w £ 

< « a 

X < S 

O 2 

P cc £ 

< o 00 

I” X /-J 

> x 2 

5 uj h 

Q- r* 


m (n 

< LU 


2 S 

< o 


X < 

O o 


_J I” 

in 

t- CC 


O P 

o h 


o “ 
x x 


a h 

. qO 
-U — LU 


Z 0 LJJ 

a -id 


<Z z 

Sen < 




DISADVANTAGE IS LOWER SUSTAINABLE NEGATIVE HEAD, AND MORE 
IMPEDANCE TO FLOW 


O) 

c 

CD 

C f) 


O) 

c 

O Q 

" c0 i 

O) cd 
c x: 

2 o 


2 

o 

t> 

0) 

q5 

"O 


c 

0) 

2 

o 

</) 

CD 

SZ 


o ^ 

Q- o 

cd ^ 

> c 

"O ® 

3 e 

O" £ 

— =3 
x: co 

as 
5 o 
c: E 
CD $) 

2 -c 

8.S 

CD -o 
x: •= 

Cu 

- 4—1 

=J — 

o$ 

■«o 

$ u_ 

O, W 

o CD 

■Q ~ 

o) (5 

c 

S g.- 

x: “"o 

o o c 

■o § « 

£ a> c 

S^B 

g $ s 

2 -5 

03 a) 

w ■o 

5 C 

o o 

-C ••5 ._ 

w g.]B 

Q.'«5 a? 

co .!£ 
k- *o © 
0)^0 
o j c 

o O g 

a® I 

“"CO o 
0) Q)t 
x x <d 

hhCL 


0) 

> 

o 

o 

0) 


s 


<D 

> 



350 


jmAl 








-Q CO 

CD CO — 

C CO ® 5 

C . X. >_ s 

CD ° ® ' I 

£?•£ to 2 
.E ® o co £> 

|i*SI 

"oils 

o - CO O C 

.agio 

C c -D 

i°^c « 

O C 3 ® O o 

^ © 2 « S' 

-D ■!= « 

CO O .^3 <0 -Q 

2 O « o 3 

a <x> V> E .? 

® $ 2 2- 

SSEQ ° 

■c « c£ -o 
o a> -2 .5? 5 

-Eoi" 1 

> ~ ® . a> 

> ® c r- > 

“o CO C O (0 
° CO OQ c 

® « ° x 2 

E ® pco ^ 

O </) C CD 

« 3 ;q ® a) 

a> to £ o 
o a) a> >% p 
A x: to 

• E 

-- C CJ) a) T3 

CO cz "O 
CD c S CO 
T fc C T3 ^ 

c- a> co _E 

.ir *> 

O O) 

'*■5 o Eo ® 
« O ° 0 ) ® E 

O- £^‘§2 
c 3 Q) S W 

S?as=& 

CXq.cz •— 5? 

a co ® ^ 3 

cc .E ~ X ® 

>> c -2 u_ Q-<*- 
= CTJ M ° £ -r 

e 2 g 8 i o 

£ a S. g c > 

ffl>W0~>S 
<D & -2 omo -« 


0) w ■*- 

. -B c O 2 c 

0> (0 c £ T t) 

fsj -*-> ir ~C 0) ,b: 

•cr co O o ^ -a 

« ® TS 3 r 2 

E >o a 

E cx 2 cx c c 

O M Eo. CD " 
ifl . 2 o -s o 


8 i 8 3 S' o. 

gsSJ 


MMARY 


c ft 

to DC 


z UJ 

o £ 


— h* 

1 < 


* C UJ 

2 cc w 

J HI Ui 

111 CL I 


O H 


O U- DC 

=: O o 


-I uj “* 

cc < i 

Ul ffi Q. 


=) W 3 

to < (/) 


uj y 

-1 DC 


H LL 

i s 


i= 9 


< S o 

a o z 

0. _ 


- O 
Z H 


CO ** 5 

z >. E 

2 < o 

H ^ CL 

< <0 


O >- z 


a s f? 


a. 

< ^ 


I IMR 

to 2 

ui O 


. Hi S 

£ o > 

5 < DC 

5* Q. uj 


to z 
* O 


3 X 
to f" 


o g 
o z 


Zj O 

o s 


x a 
a . 

UJ t 


H X 
^ O 


>■ ~ 
m) “J 

a u. 

S K 
m o 


S to to SS h 


to 

Q uj 

HI 3 
X O 


3 Z 

O X 


UJ O 
X UJ 


— z 
x o 


UJ 


X to 

2 3 

O 0 
O o 
... < 


“ Q 

CQ — 

X 3 

< o 


> Q 

uj £ 
x to 


^ LU 

z > 


O to 
to z 

Q fc 

IE UJ 


UJ o 


to 

IXi 

Z) Q 
to UJ 


to $ 
— to 


H Q 

< < 

h“ 

to UJ 


to to 


•w*-: 


1990 


